ABSTRACT. The Colorado potato beetle [Leptinotarsa decemlineata
Host plant resistance has been suggested as the only practical long-term solution for controlling the Colorado potato beetle (Spooner and Bamberg, 1994) . Leptine glycoalkaloids and glandular trichomes are two natural insect host plant resistance mechanisms available in potato. Leptines, a type of steroid glycoalkaloid, are effective natural resistance mechanisms of potato against Colorado potato beetle (Sinden et al., 1980 (Sinden et al., , 1986a (Sinden et al., , 1986b Stürckow and Löw, 1961; Tingey, 1984; Tingey et al., 1984) , but are found in only a few accessions of S. chacoense Bitter (Sinden et al., 1986b) . The glycoalkaloids chaconine and solanine are found commonly in all plant organs of cultivated potato. Leptines I and II are the acetylated forms of solanine and chaconine, however, they are only synthesized in the leaves and not in the tubers (Sinden et al., 1986b) . This is an important advantage for breeders who are concerned with selecting against potentially toxic levels of total glycoalkaloids in the tubers. The high leptine-producing accession of S. chacoense, USDA8380-1 (PI 458310), is a diploid selection containing approximately 300 mg per 100 g leaf fresh weight leptines (constituting 90% of the total glycoalkaloids) with strong antifeedant properties against Colorado potato beetle (Deahl et al., 1991; Sinden et al., 1986a) .
Glandular trichomes of the wild Bolivian potato, S. berthaultii Hawkes, confer resistance to at least 10 major insect pest groups or species, including the potato tuber moth (Phthorimaea operculella Zeller), green peach aphid (Myzus persicae Sulzer), potato leaf hopper (Empoasca fabae Harris), potato flea beetle (Epitrix cucumeris Harris), and the Colorado potato beetle (Tingey, 1991) . The presence of type A and B trichomes leads to entrap-The potato (Solanum tuberosum) has many pests and pathogens that can reduce yields and overall plant vigor. The Colorado potato beetle (Leptinotarsa decemlineata) is a highly destructive pest of potato in north central and eastern North America (Wyman et al., 1994) , Europe, and Asia (Hare, 1990) . Defoliation by adults and larvae can reduce yields and even result in total tuber loss (Hare, 1980) . Despite breeding efforts, no potato cultivars with demonstrated resistance to Colorado potato beetle have been released commercially (Yencho and Tingey, 1994) .
The Colorado potato beetle is a unique insect pest of potatoes because it has shown the ability to adapt to every chemical insecticide ever deployed for its control (Forgash, 1985) . The combination of the insect's genetic diversity, its ability to detoxify toxic plant compounds, and strong insecticide selection pressure, have contributed to the Colorado potato beetle's adaptation to insecticides (Grafius and Bishop, 1996; Weber and Ferro, 1994) . It can be anticipated that the Colorado potato beetle will develop resistance to future insecticides used for its control (Hare, 1990; Kennedy and French, 1994) . As chemical control costs increase and pesticide efficacy decreases, successful, long-term control measures for Colorado potato beetle will need to incorporate host plant resistance (Spooner and Bamberg, 1994) and integrated crop management techniques. ment and death of small-bodied insects (Gregory et al., 1986) and reduces developmental time, survival, and oviposition of Colorado potato beetle (Casagrande, 1982; Wright et al., 1985; Yencho and Tingey, 1994) . The trichomes of S. berthaultii are associated with insect responses including host avoidance, restlessness, reduced feeding, reduced development, reduced adult weight, reduced reproductive performance, decreased longevity, and increased mortality (Tingey, 1991) . Plaisted et al. (1992) released a glandular trichome germplasm line NYL235-4. This line caused a 40% to 70% reduction in Colorado potato beetle population densities of first generation larvae and up to 90% reduction in first generation adults and second generation larvae, compared with commercial controls (Plaisted et al., 1992) .
The bacterium, Bacillus thuringiensis (Bt) ssp. tenebrionis Berliner, produces a Cry3A protein that has toxic effects on Coleoptera, including Colorado potato beetle (Krieg et al., 1983) . The choice of a Bt gene for engineering host plant resistance has multiple advantages. Bt proteins have very specific modes of action, such that a protein with specific toxicity towards Coleoptera would not be toxic to other orders of insects; and Bt crystal proteins have not shown any toxicity towards humans, other mammals, or birds (Lavrik et al., 1995) . Synthetic Bt-cry3A genes have been constructed specifically to optimize expression in plants (Adang et al., 1993; Perlak et al., 1993; Sutton et al., 1992) . The ability to transform and express Bt in plants provides a high-dose strategy of deploying Bt toxins for specific insect control.
Current integrated crop management strategies of potato include various combinations of cultural practices and chemical controls (Reiners et al., 2000) . Additionally, engineered host plant resistant cultivars are also available (Sherman, 2000) . However, insecticide applications continue to be the primary means used by growers to control Colorado potato beetle. New strategies must be developed to offer other options for use in integrated pest management programs. Development of combined natural and engineered host plant resistance mechanisms in potato will provide alternatives for control of Colorado potato beetle in an integrated pest management program.
The overall objective of this research was to generate and test combined engineered and natural resistance mechanisms in potato for effective management of Colorado potato beetle. The specific objectives were to: 1) transform a high leptine-expressing diploid line, a glandular trichome line, and a susceptible cultivar with a synthetic Bt-cry3A gene, 2) characterize the insertion and transcription of the Bt-cry3A in these transgenic lines, and 3) evaluate resistance of the combined natural and engineered host plant resistance mechanism lines to Colorado potato beetle in no-choice, detached-leaf bioassays.
Materials and Methods
PLANT MATERIAL. Plant materials used for transformation were 'Yukon Gold' (2n = 4x = 48), USDA8380-1 (2n = 2x = 24), and NYL235-4 (2n = 4x = 48). 'Yukon Gold' is a yellow-flesh tablestock cultivar (Johnston and Rowberry 1981) that is susceptible to the Colorado potato beetle. The high leptine-producing accession of S. chacoense, USDA8380-1 (PI 458310), is a diploid selection containing ≈300 mg per 100 g leaf fresh weight leptines (constituting 90% of the total glycoalkaloids) with strong antifeedant properties against Colorado potato beetle (Deahl et al., 1991; Sinden et al., 1986a) . The germplasm line NYL235-4 is a result of a 2x x 4x cross between S. tuberosum 'Hudson' and S. berthaultii (PI 310925) and six generations of backcrossing, and has resistance to Colorado potato beetle via glandular trichomes (Plaisted et al., 1992 (Sutton et al., 1992) . The cry3A gene was subcloned into vector pE1120 resulting in a plasmid (pSPUD8) that included the constitutive (ocs) 3 mas promoter and the selectable marker neomycin phosphotransferase (nptII) under the control of its own nopaline synthase promoter. The resulting plasmid, pSPUD8, was introduced into Agrobacterium tumefaciens Smith and Townsend strain LBA4404 (Clontech, Palo Alto, Calif.) by triparental mating (Bevan, 1984) .
Bt-cry3A transgenic potato lines were generated using A. tumefaciens-mediated transformation . The plants were prepared for transformation by removing leaf tip and petiole ends from tissue culture plantlet leaves; stem pieces were also used, carefully avoiding any meristematic tissue by cutting between nodes.
When callus nodules produced shoots 5 to 7 mm in length, the shoots were excised and placed in rooting medium (modified MS medium with the addition of kanamycin at 50 mg·L -1 ) in 25 × 150 mm culture tubes. Only a single shoot was removed from each callus to ensure selection from independent transformation events. Rooted transformants, expressing resistance to kanamycin were maintained in tissue culture by micropropagation and were transplanted to 3.8-L pots in the greenhouse for further analyses. Unless otherwise stated, all chemicals used were obtained from Sigma Chemical Co. (St. Louis, Mo.).
MOLECULAR CHARACTERIZATION: POLYMERASE CHAIN REAC-TION (PCR).
DNA was isolated by the quick DNA method (Wang et al., 1993) from one 8-mm-diameter leaf disc of a young (4 to 5 weeks old), greenhouse-grown, tissue culture transplant. For PCR, 1 mL of the resulting DNA was used directly. PCR components for 40 mL reactions were used following Gibco BRL instructions (Gaithersburg, Md.) (1× PCR buffer, 0.2 mM dNTP mixture, 1.5 mM MgCl 2 , 1.0 mM of each primer, 100 ng template DNA, and 2.5 U Taq DNA polymerase).
Optimal primers for amplifying a region of the cry3A gene were selected using DNASTAR (DNASTAR, Inc., Madison, Wis.). Two 25-base primers were chosen to amplify a 439 base pair (bp) length DNA fragment between bases 253 and 692 of the synthetic cry3A gene. The primer sequence complimentary to the transcribed strand was 5'-GAG CTG CAA GGC CTT CAA AAC AAT-3'. The second primer was complimentary to the nontranscribed strand and had a sequence of 5'-TCT AGC ACG GTA AGG GTC ATC TCT-3'.
PCR amplification conditions were as follows: initial denaturation at 94 °C for 5 min, 30 cycles of denaturation at 94 °C for 1 min, annealing at 60 °C for 1 min, and primer extension at 72 °C for 2 min, and a final extension at 72 °C for 5 min. The reactions were held at 4 °C before being analyzed. Reaction products were electrophoresed on a 1% (w/v) agarose gel (Boeringer Mannheim, Indianapolis, Ind.) containing ethidium bromide at 0.5 mg·mL -1 in 1× Tris-acetate/EDTA (pH 8.0) buffer at 80 mV for 1.5 to 2 h (Sambrook et al., 1989) and viewed under ultraviolet light (254 nm).
SOUTHERN ANALYSIS. Total plant genomic DNA was extracted from the fresh leaf tissue (2 g) of greenhouse-grown tissue culture transplants using the cetyltrimethylammonium bromide (CTAB) extraction protocol (Saghai-Maroof et al., 1984) , modified by adding 2% beta-mercaptoethanol to the extraction buffer. The DNA was quantified using a miniflourometer (model TKO100; Hoeffer Scientific, San Fernado, Calif.).
To confirm Bt-cry3A insertion, DNA (20 mg) was digested with EcoRI and BamHI restriction enzymes (Gibco BRL). To determine the number of Bt-cry3A gene insertion events, the DNA was digested with XbaI. Agarose-gel electrophoresis, Southern blotting, membrane hybridization, and detection was performed as per Li et al. (1999) , with the exception of the cry3A RNA probe, which was made by in vitro SP6 RNA polymerase transcription of the cry3A gene cut from pSP73 with BamHI as per manufacturer's instructions (Boeringer Mannheim).
NORTHERN ANALYSIS. The 100 mg leaf samples from greenhouse grown transplants were placed in 1.5-mL Eppendorf tubes, frozen in liquid nitrogen, and stored at -80 °C until total plant RNA was extracted using the Qiagen RNeasy Plant Total RNA Kit (Qiagen, Chatsworth, Calif.). RNA quantification and purity were determined by measuring the absorbance of the sample at 260 and 280 nm. Total RNA was electrophoresed, blotted, hybridized, and detected as per Li et al. (1999) .
DOUBLE-ANTIBODY SANDWICH ENZYME-LINKED IMMUNOSORBANT ASSAY (DAS-ELISA).
Bt-cry3A protein was quantified in the transgenic lines using a DAS-ELISA test system (Agdia Inc, Elkhart, Ind.). The manufacturers' instructions were used with the following specifications. Leaf tissue (75 mg) from fieldgrown plants was ground in 750 mL of extraction buffer in an Eppendorf tube using a disposable pestle attached to a mounted drill before being adjusted to a final dilution of 1:500 (w/v). The extracts were incubated with the enzyme conjugate for 1.25 h. Absorbance was detected at 405 nm after 60 min incubation with the PNP substrate using an automated microplate reader (model EL311S; Bio-tek Instruments, Inc., Winooski, Vt.).
DETACHED-LEAF BIOASSAYS.
A Colorado potato beetle strain was collected originally from Long Island, N.Y. and has been maintained in culture for use in laboratory bioassays. All Colorado potato beetle stages were fed nontransgenic potato foliar tissue from various commercial cultivars grown in the greenhouse under a 16-h photoperiod. The beetle colony was maintained with a 16-h photoperiod at 25 ± 2 °C using 25 µmol·m provided by cool-white fluorescent lamps or high-sodium greenhouse lights, as measured at 70 cm from the light source.
No-choice, detached-leaf bioassays of the plants confirmed previously to contain the Bt-cry3A gene were conducted to determine biological activity of the transgene. Young, fully expanded leaves of similar age and size were removed from greenhouse transplants. The petiole of each leaf was wrapped in a small piece of cotton and placed into a 3.5 mL vial of distilled water. This detached-leaf was placed on 90 mm Whatman filter paper in a covered 20 × 100 mm polystyrene petri dish. Egg masses designated for bioassay use were maintained at 10 °C for 0 to 5 d until enough were collected for a single round of bioassays. Only first instars that hatched on the same day and had no prior feeding were used for detached-leaf bioassays. Ten first instars from a compiled randomized sample were gently transferred to each leaf using a fine-tipped paintbrush that was moistened with water. Detached-leaf bioassays were maintained at 25 ± 2 °C with constant light of 25 µmol·m -2 ·s -1 provided by cool-white fluorescent lamps. The detached-leaf bioassays were conducted as a completely randomized design consisting of two replications.
A visual estimation of percentage defoliation, insect mortality, and the developmental stages (instars) of the larvae were recorded after 4 d. Percentage defoliation was determined by visually estimating the percentage of the entire leaf area that was consumed by the larvae. For lines that had very little feeding, the following criterion were used: no signs of any feeding = 0.0%; very little sampling of leaf tissue, feeding not progressing entirely through the leaf = 0.5%; sampling of leaf tissue resulting in pinhole feeding that did not progress beyond 1 mm feeding diameter = 1.0% defoliation. Percentage mortality was calculated as the number of dead or absent larvae divided by 10 and multiplied by 100%. Larvae were considered dead if no movement was observed after being gently touched with a fine-tipped paint brush.
Percentage defoliation and percentage mortality data were arcsine transformed before analysis of variance was performed. Mean comparisons were accomplished using Fisher's protected least significant difference (LSD, P = 0.05) in the general linear models procedure of SAS (SAS Inst., Inc., 1998). Reported means were retransformed into percentages.
Results and Discussion
TRANSFORMATION. Agrobacterium-mediated transformation of the three lines used in this study was effective in producing Btcry3A transgenic potato lines. The number of shoots emerging from any one callus ranged from 0 to 30, although only a single shoot was removed from each callus to select for independent transformation events.
Successful shoot regeneration appeared to be genotype dependent. Between 103 and 143 d after cocultivation, 27 shoots were removed from 46 'Yukon Gold' explants and 96.3% of the shoots rooted in the presence of kanamycin at 50 mg·L -1 . The USDA8380-1 line produced 28 independent shoots from 37 explants between 93 and 125 d post co-cultivation with Agrobacterium. Of these 28 shoots, 89.3% rooted in MS medium with kanamycin at 50 mg·L -1 . NYL235-4 produced the fewest shoots (eight) from 53 explants between 93 and 105 d after exposure to Agrobacterium, and only three (37.5%) rooted in the presence of kanamycin. Transformation of USDA8380-1 and NYL235-4 has been reported previously (Douches et al., 1998) , and similar difficulties in transforming and regenerating shoots from NYL235-4 with a low frequency (33%) of recovered shoots rooting in kanamycin medium were observed.
MOLECULAR CHARACTERIZATION. Nearly all (88%) of the rooted 'Yukon Gold', 56% of the rooted USDA8380-1, and all of the rooted NYL235-4 lines were PCR positive following DNA amplification of the 439 bp Bt-cry3A fragment. Ten PCR-positive, phenotypically normal, Bt-cry3A transgenic lines selected from both USDA8380-1 and 'Yukon Gold', as well as all three NYL235-4 transgenics were analyzed via Southern and northern blotting and detached-leaf bioassays.
All selected lines were confirmed via PCR to contain the Btcry3A gene (exemplary PCR results shown for USDA8380-1 transgenic lines in Fig. 1A , data not illustrated for 'Yukon Gold' or NYL235-4 transgenic lines). Southern blotting showed that the number of inserted gene copies (copy number) per transgenic potato line varied between one and three (exemplary Southern analysis shown for USDA8380-1 transgenic lines in Fig. 1B , data not illustrated for 'Yukon Gold' or NYL235-4 transgenic lines). Transformation of similar potato lines with a Bt-cry5 gene resulted in plants with copy numbers ranging from one to three as well (Douches et al., 1998) . Jelenkovic et al. (1998) , using the same synthetic Bt-cry3A gene, reported that most transgenic Btcry3A eggplant (Solanum melongena L.) lines regenerated had one or two gene inserts, although as many as five copies were noted in a single plant.
In general, the Bt-cry3A transgenic lines transcribed similar levels of Bt-cry3A mRNA, as determined by comparing the relative amounts of 18S rRNA (exemplary northern analysis shown for USDA8380-1 transgenic lines in Fig. 2 , data not illustrated for 'Yukon Gold' or NYL235-4 transgenic lines). One exception was YGc3.15, which had a similar amount of 18S rRNA compared to the other transgenic lines, however, lower Btcry3A mRNA (data not illustrated). YGc3.15 was not significantly different from the other 'Yukon Gold' Bt-cry3A transgenic lines for percentage defoliation or mortality in Colorado potato beetle detached-leaf bioassays (Table 1 ). The Bt-cry5 mRNA levels of transgenic potato lines developed by Douches et al. (1998) were similar to each other for all but one transgenic line, which also caused the lowest level of mortality in potato tuber moth bioassays. Adang et al. (1993) observed relative differences among the Bt-cry3A transgenic lines for mRNA amounts and this correlated to the relative differences they observed for protein toxin levels and Colorado potato beetle larval weight bioassay results. They also found that Cry3A protein levels were a good indicator of relative efficacy, and mRNA levels were a good (but not absolute) indicator of relative protein amount. A positive correlation between resistance to Colorado potato beetle and Btcry3A mRNA expression has also been reported in eggplant (Jelenkovic et al., 1998) .
Cry3A protein content in the transgenic lines ranged from 0.4 to 1.0 µg·mg -1 fresh leaf tissue as determined by DAS-ELISA. All transgenic lines were significantly less than RBN15, with 1.5 µg·mg -1 fresh leaf tissue. However, resistance of these lines was not significantly different from RBN15.
We chose the (ocs) 3 mas promoter because the transient gus expression was reported to be 156-fold greater than the Cauliflower Mosaic Virus 35S (CaMV35S) promoter (Ni et al., 1995) .
It was unexpected to discover lower Cry3A protein levels in our Bt-cry3A transgenic lines under the control of the (ocs) 3 mas promoter compared to the levels of Cry3A protein produced by the same gene under control of the CaMV35S promoter found in RBN15. However, RBN15 was selected from more than 20 different Bt-cry3A transgenic 'Russet Burbank' lines for strong resistance to Colorado potato beetle.
DETACHED-LEAF BIOASSAYS. The Bt-cry3A transgenic potato lines showed 0.1% to 1.9% defoliation by first instar Colorado potato beetles in no-choice, detached-leaf bioassays, regardless of the source potato line (Table 1 ). The nontransformed 'Yukon Gold' control suffered 32.3% defoliation. The 'Yukon Gold' transgenic lines had 0.9% to 1.9% defoliation. The nontransformed USDA8380-1 had only 3.0% defoliation, further demonstrating natural host plant resistance of leptines against Colorado potato beetle. The USDA8380-1 Bt-cry3A transgenic lines had only 0.1% to 0.7% mean percentage defoliation, and all but two had significantly lower defoliation than the nontransformed USDA8380-1. The nontransformed NYL235-4 had 32.9% defoliation compared to the Bt-cry3A transgenic lines from NYL235-4 with between 0.6% and 1.1% defoliation. The positive control RBN15 had 1.0% defoliation. (designated c3.xx) digested with EcoRI and BamHI and hybridized with a cry3A RNA probe (the resulting digested cry3A DNA fragment is a 1540 bp fragment of the 1790 bp gene) and (B) Southern analysis of total plant DNA from Btcry3A transgenic lines digested with XbaI and hybridized with a cry3A RNA probe. USDA8380-1 is a high leptine diploid. The cry3A plasmid, pSPUD8, was also digested. Exemplary Southern analysis is shown for USDA8380-1 transgenic lines. However, data are not illustrated for 'Yukon Gold' or NYL235-4 transgenic lines. The NYL235-4 no-choice, detached-leaf bioassay results differed from earlier findings of Colorado potato beetle resistance for this line in the field (Plaisted et al., 1992) . Percentage defoliation was relatively high (32.9%) and percentage mortality was low (16.4%) for NYL235-4 and neither was significantly different from the susceptible cultivar 'Yukon Gold'. Plaisted et al. (1992) reported field results for NYL235-4 demonstrating that Colorado potato beetle resistance was due to reduced egg laying and an increase in first and second instar mortality. In our nochoice detached-leaf bioassays, the egg laying preference was not tested and host plant properties did not reduce defoliation or increase mortality of first instars compared to nontrichome lines.
The observed lack of resistance of NYL235-4 in our detachedleaf bioassays may have resulted from differences between the Plaisted et al. (1992) study and our detached-leaf bioassays in trichome density and other related resistance factors. França and Tingey (1994b) showed that lower irradiances reduced type A and B trichome densities, volume of trichome exudate, and type A trichome phenolic oxidation activity in S. berthaultii. The plants used for bioassays in the present study were grown in the greenhouse, with lower irradiances than in the field. Furthermore, the larvae used in the detached-leaf bioassays were placed on the upper side of the leaf (lower trichome densities than the lower leaf surface), which differs from where eggs are usually laid on the lower leaf surface of potato plants in the field. However, neonates feed on both sides of the leaf, eating entirely through the leaf, regardless of where they begin. Lack of resistance of NYL235-4 to Colorado potato beetle has also been observed in field studies in Michigan .
Mean mortality after 4 d was much more variable, ranging from 0.0% to 98.9% between the Bt-cry3A transgenic lines (Table  1) . Percentage mortality of the 'Yukon Gold' transgenics had the most variable response, 0.0% to 94.7% mortality, compared to 20% for the nontransformed 'Yukon Gold' control, while mortality for RBN15 was 97.4%. USDA8380-1 Bt-cry3A transgenic lines resulted in 50.0% to 97.4% mortality, compared with 32.2% mortality on the nontransformed control. Bt-cry3A NYL235-4 lines had significantly higher mortality (83.3% to 98.9%) than the NYL235-4 control (16.4%).
Results for percentage defoliation were much less variable than for percentage mortality. Although leaves sampled from plants were chosen to be of similar size and age, and larvae from a single hatch date were chosen randomly, environmental differences in both the plants and the insects could contribute to the variability seen in the mortality results. Some of this variability was due likely to the strict criterion for determining mortality; larvae were considered dead only if no movement occurred. Mortality from Bt can take several days and some larvae judged to be 'alive' in this study may have died later. Extended bioassay periods would likely better differentiate mortality and insect developmental differences among the different transgenic lines. COMBINING HOST PLANT RESISTANCE MECHANISMS. Use of combined resistance mechanisms in a single deployable unit has been suggested as a strategy for delaying development of insect adaptation to host plant resistance mechanisms, especially Bt-based resistance (Gould, 1986 (Gould, , 1988 (Gould, , 1998 Gould et al., 1994; McGaughey and Whalon, 1992; McGaughey et al., 1998; and Tabashnik, 1994) . Our strategy was to combine natural (leptine glycoalkaloids and glandular trichomes) and engineered (Btcry3A) host plant resistance mechanisms.
The strong antifeedant properties of leptine glycoalkaloids found in a few accessions of S. chacoense confer natural host plant resistance against Colorado potato beetle (Sinden et al., 1980 (Sinden et al., , 1986a (Sinden et al., , 1986b Stürckow and Löw, 1961; Tingey, 1984; Tingey et al., 1984) . Although the mode of action of leptines is not understood thoroughly, solanaceous glycoalkaloids and alkaloids inhibit acetyl cholinesterase (Bushway et al., 1987) , and disrupt membranes by lysis of sterol-containing liposomes (reviewed in Lawson et al., 1993) . The Colorado potato beetle adapts readily to chemical insecticides with similar modes of action to the proposed glycoalkaloid function (Forgash, 1985) . Additionally, DDT-resistant Colorado potato beetles were more resistant to leptines than susceptible beetles (Stürckow and Löw, 1961) . These issues should be evaluated before leptine-based resistant potato lines are deployed.
The percentage defoliation results from the detached-leaf bioassays for the combination of Bt + leptines suggest that the amount of feeding by first instar Colorado potato beetles is reduced significantly in some transgenic lines compared to leptines alone (Table 1) . However, these differences were not evident in the mortality results, comparing leptines with Bt + leptines. Further experiments may indicate whether host plant resistance combination is more effective than either alone, and more importantly, whether the combination is more durable.
Early reports by Groden and Casagrande (1986) suggested that the Colorado potato beetle could overcome the resistance of Solanum berthaultii within two to three generations. More recent studies (França et al., 1994; Pelletier and Smilowitz, 1991) report that adaptation of Colorado potato beetle to S. berthaultii is possible, but it would most likely occur much more slowly than suggested previously. França et al. (1994) also noted that it is important to consider the regional genetic dynamics of different Colorado potato beetle populations and the underlying differences in resistance mechanisms of different S. berthaultii clones. The complexity of the interactions between glandular trichomes and the responses of Colorado potato beetle suggest that for adaptation to occur, Colorado potato beetles may have to overcome a variety of behavioral, developmental, and metabolic factors elicited by S. berthaultii against both Colorado potato beetle adults and larvae (França and Tingey, 1994a) .
Glandular trichomes combined with Bt in a single cultivar may be an important host plant resistance strategy for broad-spectrum insect control in potato production. Glandular trichomes may not be as effective in full scale commercial plots for controlling Colorado potato beetle; however, in the combined Bt + glandular trichome resistance potato cultivar, Bt may provide effective control of the Colorado potato beetle and the glandular trichomes would confer resistance to other small-bodied insects such as aphids and leaf-hoppers.
The present study is the first report of combining natural and engineered resistance mechanisms in potato for control of Colorado potato beetle. Whalon et al. (1993) has shown that Colorado potato beetle can adapt to Bt in the laboratory, and the severe selection pressure applied by use of Bt potatoes in the field will likely eventually lead to adaptation by the Colorado potato beetle to Bt. Genetic engineering and the availability of natural resistance mechanisms of potato provide the ability to readily pyramid host plant resistance factors with different mechanisms in potato.
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